The release of hydrogen cyanide from Amelawhier abnifolia was monitored at 30 C and -10 C following lethal freezing at both slow and fast rates. Assuming that hydrogen cyanide release indicates membrane damage, it was concluded that during a fatal freeze-thaw cycle membrane damage occurred during cell contraction and, therefore, was not dependent upon membrane area expansion during thawing.
Since freeze-thaw damage to cells is accompanied by increased membrane permeability, it is believed that cell membranes are the primary site of freezing injury (2, 8, 14) . The increased membrane permeability is generally thought to result from a loss of semipermeability, but recent evidence suggests that it may result from damage to active transport processes (10) . Palta et al. (10) found that frozen-thawed onion cells that had been frozen to either a lethal (-I C) or nonlethal (-4 C) temperature both released cell solutes, whereas only the lethally frozen onion cells showed increased membrane water permeability. Because water moves through membranes passively, they concluded that the release of cell solutes at -4 C was due to active transport damage and because the -4 C freeze was not fatal, they concluded that the active transport damage was repairable. In contrast to these results with onion cells, nuclear magnetic resonance measurements on lethally frozen winter wheat crowns indicated that increased permeability to both water and Mn2+ was manifested immediately on thawing (2) . Thus, additional evidence is required before the water permeability studies with onion cells can be accepted as clear evidence for a lack of injury to membrane semipermeability. Nevertheless, the results of Palta et al. (10) Here, we describe a method which detects a loss of membrane integrity or an increase of membrane permeability. Certain plants contain cyanogenic glycosides and degradative enzymes which can hydrolyze the glycosides and release HCN. For example, sorghum contains the glucoside dhurrin and the enzyme,-glucosidase which hydrolyzes dhurrin to yieldp-hydroxymandelonitrile (5). The p-hydroxymandelonitrile then dissociates either nonenzymically or enzymically by hydroxynitrile lyase to produce HCN and p-hydroxybenzaldehyde. HCN is released when plant tissues are disrupted by physical crushing or freezing in liquid N2 and thawing (5) . Evidence indicates that HCN is not produced in intact tissue because the cyanogenic substrates and hydrolytic enzymes are separated from each other by membranes rather than because the enzyme is being inhibited (5, 12) . Glucosides are found to be located in vacuoles, whereas ,B-glucosidases are in the cytoplasm (12) . In cucumber hypocotyls, f8-glucosidase is associated with the cell wall fraction (4) . A recent study found that, in sorghum, dhurrin is located in the vacuole of epidermal cells and ,B-glucosidase is predominantly in mesophyll cells (5) . Therefore, release of HCN during or following freezing would indicate tonoplast damage if the cyanogenic substrate and degradative enzymes are separated in the protoplasm of the cell or damage to both the tonoplast and plasma membrane if the cyanogenic substrate and degradative enzymes are located in intra-and extraprotoplasmic locations, respectively, or are located in different cells.
The boiling point of HCN is 25.6 C and the melting point of HCN is -13.4 C (17). At temperatures above 25.6 C, HCN is totally in the gas phase. At temperatures below 25.6 C, HCN will be mainly in the liquid phase but some HCN will vaporize to establish the vapor pressure of HCN for the temperature. By trapping HCN in NaOH solution, the HCN in the vapor phase will be depleted and eventually all the liquid HCN will be trapped as NaCN. Therefore, if freezing destroys membrane permeability directly, we predicted that cells containing cyanogenic glucoside would manifest their membrane destruction by releasing HCN when frozen and that the HCN released into the gas phase could be trapped and measured at freezing temperatures. In this study, we observed the release of HCN as affected by fast and slow lethal freezing (assumed to produce intracellular and extracellular ice, respectively). Release of HCN was interpreted to indicate membrane damage. To determine if membrane damage is a direct result of freezing, or depends upon both freezing and thawing, HCN release from frozen cells and from frozen-thawed cells was measured.
MATERIALS AND METHODS
The studies were conducted with Saskatoon serviceberry (Amelanchier alnifolia Nutt.) twigs harvested during the summer from a bush growing outdoors at Kamloops, British Columbia. This species contains the cyanogenic glucoside prunasin (9) , and can cold-acclimate to survive severe winter conditions. Thus, the species will facilitate future studies of membrane alterations re-sulting from cold acclimation. Twigs from current year's growth were harvested, cut into 2-cm lengths, and kept in sealed plastic bags at 4 C for 16 h. Picrate paper tests (13) indicated no further release of HCN caused by cutting after 16 h. The HCN released as a result of cutting lengths was less than 1% of the total. Twig sections, 500-800 mg (fresh weight), were wrapped in one thickness of cheesecloth and the cheesecloth was attached to a rubber stopper with wire. When the rubber stopper was fitted to a test tube (20 x 80 mm) containing 0.4 ml of NaOH solution, the twigs were suspended over the NaOH solution. For trapping at 30 ± I C, 1 N NaOH was used and for trapping at -10 ± 0.5 C, 2 N NaOH containing 12% (v/v) ethanol was used. Twigs were cooled either rapidly (approximately 6 C/min between 0 and -50 C) to -78 C by placing the twigs on dry ice or slowly (3 C/h) to -10 ± 0.5 C in a domestic freezer equipped with a manually operated temperature control (Yellow Springs Instruments, model 63RC). After each trapping interval, the NaOH volume was adjusted to 2 or 5 ml with I N NaOH and the cyanide concentration was measured colorimetrically, using the method of Lambert et al. (6) . Frozen-thawed twigs which had been either rapidly frozen to -78 C or slowly frozen to -10 C were fatally injured as evaluated by the triphenyl tetrazolium chloride test of Steponkus and Lanphear (15) .
The efficiency of HCN trapping at 30 C and -10 C was tested by generating a known quantity of HCN using ,B-glucosidase (isolated from almonds, Sigma) and amygdalin (Calbiochem). The reaction was carried out in a Conway diffusion cell. The outer well of the diffusion cell contained 84.5 ,g amygdalin and 0.025% ,8-glucosidase in 2 ml 25% methanol. A preliminary experiment showed that methanol had no effect on the rate of HCN generation at 30 C. Trapping of HCN in the center well was facilitated by I ml I N NaOH at 30 C and by 1 ml 2 N NaOH in 12% ethanol at -10 C.
RESULTS AND DISCUSSION
To interpret the meaning of HCN release from bark, it is necessary to know how efficiently HCN is being trapped. At 30 C, 31 ± 7% of the potential HCN that could be released from amygdalin was trapped in 1 h and 98 ± 1% was trapped in 24 h. At -10 C, 4 ± 1% of the potential HCN release from amygdalin was trapped in I h and 95 ± 4% was trapped in 93 h. Thus, the overall efficiency of trapping is high and independent of temperature. A Qlo of 1.7 is calculated from the I h data. A Qlo slightly above I characterizes a physical process and a Qlo in the range 2 to 3 characterizes a chemical reaction (11) . The Qlo of 1.7 suggests that HCN trapping in the Conway diffusion cells is not being controlled solely by the rate of amygdalin breakdown but is also likely being influenced by the rate of diffusion from the location of amygdalin breakdown to the location of HCN trapping. This may not be the case in bark, however, since in bark HCN would not have to diffuse so far through a liquid medium.
Normally, intracellular freezing is instantly fatal, and it is believed that intracellular ice crystals physically disrupt or pierce cell membranes destroying their semipermeability. For example, following a freeze-thaw cycle involving rapid freezing to -196 C, the semipermeability of wheat plasma membranes is destroyed as measured by increased water and Mn2+ permeability (2) . It was predicted that rapid freezing to -78 C would cause Saskatoon serviceberry twigs to freeze intracellularly, so that membrane permeability would be destroyed both in frozen-thawed cells and in frozen cells. The -78 C treatment released 213 times as much HCN during the 35.5-h incubation at 30 C as the nonfrozen control (Fig. 1) . Release of 1,060 ,ug HCN/g fresh weight in 35.5 h indicated the breakdown of 11.6 mg prunasin/g fresh weight (11.6 mg prunasin/g fresh weight is equivalent to prunasin representing 1 Where error bars are not given, the error was smaller than the symbols used for graphing. Twigs were harvested July 2, 1979. For the -78 C treatment twigs were placed on dry ice and left there for 6 h and for the -10 C treatment twigs were frozen at 36/h to -10 C and left at -10 C for 2 h. The -78 C and -10 C samples then were allowed to thaw at 4 C for 3 h before being transferred to an oven at 30 C. Cyanide trapping was initiated by adding NaOH solution to the test tubes at the time samples were transferred to 30 C. by plant growth conditions, age oftwigs and time ofyear; however, it is in the range 1-3% of the dry weight (Majak, unpublished data). We concluded that nearly all of the prunasin was accessible to /8-glucosidase during the 35.5 h following an intracellular freeze-thaw cycle. Assuming that prunasin is separated from ,Bglucosidase by a membrane or by membranes, as suggested by the sorghum studies (5, 12), we concluded that the membranes of Saskatoon serviceberry cells were disrupted by the freeze-thaw cycle. This result agrees with results of studies involving intracellular freezing reported in the literature (2, 7, 8) .
Slow freezing allows plant tissue to freeze extracellularly so that injury is related to cell dehydration rather than to physical disruption by ice crystals (7) . When Saskatoon serviceberry twigs were slowly frozen to -10 C and then warmed to 30 C, they released 181 times as much HCN as nonfrozen controls during the first 35.5 h (Fig. 1) . This rate of HCN release indicates that the membranes were severely disrupted, inasmuch as nearly all of the prunasin had access to /3-glucosidase. Thus, following an extracellular freeze-thaw cycle, the membranes showed a similar degree of injury as caused by intracellular freezing. The moderately slower rate of HCN release by the -10 C treatment compared to the -78 C treatment may indicate that extracellular freezing caused less membrane injury than intracellular freezing. Similarly, following a freeze-thaw cycle, wheat plasma membranes are more permeable to Mn2" when frozen rapidly to -196 C than when frozen slowly to -50 C (2) . Bank (1) demonstrated, using freeze-fracture electron microsPlant Physiol. Vol. 66, 1980 copy, that intracellular ice crystals cause structural alterations in frozen yeast cells. To determine if membranes of Saskatoon serviceberry are disrupted directly by intracellular freezing, twigs frozen rapidly to -78 C were warmed to -10 C and HCN release was measured. After 18 h at -10 C, the -78 C treatment released 60 times as much HCN as was released by nonfrozen controls at 4 C and, after 11 days at -10 C, the -78 C treatment released 80 times as much cyanide as was released by the nonfrozen controls at 4 C (Fig. 2) . These results indicate that intracellular freezing destroys membrane integrity during freezing as predicted from the results of Bank (1).
The above results for intracellular freezing and for a lethal extracellular freeze-thaw cycle are those that would be predicted from a knowledge of the freeze damage literature and the assumption that prunasin is separated from 13-glucosidase by a membrane. Accordingly, a study was initiated to determine if the membrane damage following the lethal extracellular freeze-thaw cycle occurred and was manifested in frozen cells. During 18 h at -10 C, the slowly frozen sample released more HCN than the 4 C control (Fig. 2) . The rate of HCN release increased after the first 18 h incubation so that, after I1 days incubation, the -10 C treatment released 66 times more HCN than did the 4 C control. The increased HCN release rate after 18 h incubation at -10 C may indicate that low temperature metabolism, such as the phosphatidylcholine breakdown measured by Yoshida and Sakai (18) -10 C. For the -1O C treatment, twigs were frozen at 3 C/h to -10 C and then left at -10 C for 2 h before adding NaOH solution to the test tube to initiate cyanide trapping. Cyanide trapping from the control at 4 C was initiated following temperature equilibration at 4 C. is known to increase with time when plants are maintained at a freezing temperature for more than 24 h (8) . Because HCN release from the -1O C treatment was more like the HCN release from the -78 C treatment than the HCN release from the 4 C control, we concluded that membrane damage during slow freezing occurs and is manifested in frozen cells. Therefore, membrane damage during slow freezing is caused by cell dehydration stresses.
A Qio of 3 is calculated from the estimated initial rates of HCN release from bark frozen to -78 C. This Qlo demonstrates that, in completely disrupted plant cells, the rate-limiting step is a chemical reaction. In addition to the simple effect of temperature on the reaction rate, it is likely that the increased solute and substrate concentrations in the frozen cells would also affect the Qlo. Because the rate of HCN trapping during the first 2 to 3 days was less for the -10 C treatment than for the -78 C treatment at both 30 C and -10 C (Figs. I and 2 ) and because slow freezing to -10 C is expected to produce less membrane damage than fast freezing to -78 C, we concluded that the rate at which the substrate comes into contact with the enzyme can influence the rate of HCN release from bark.
This paper has described a new method for measuring membrane injury in frozen plant tissues. Interpretation of the results hinges on the assumption that the substrate, prunasin, is separated from the enzyme, ,B-glucosidase, by a membrane or a series of membranes in Saskatoon serviceberry, as found for sorghum (5) . If this assumption is true, the results support the conclusion of Greenham (3) that fatal slow freezing alters membranes in frozen cells. The results of Wiest and Steponkus (16) , where freezing damage is not manifested until a critical amount of membrane expansion occurs during thawing, indicate either that Saskatoon serviceberry cells and spinach protoplasts experienced different membrane lesions owing to different membrane characteristics or to different freezing stresses or that a different degree of freezing injury occurred in Saskatoon serviceberry cells than occurred in spinach protoplasts. The spinach protoplasts may have experienced a less severe, potentially reversible type of freezing injury.
